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Identification and Characterization of a FcR Homolog in an
Ectothermic Vertebrate, the Channel Catfish
(Ictalurus punctatus)l’2

James L. Stafford,* Melanie Wilson,* Deepak Nayak,* Sylvie M. Quiniou,” L. W. Clem,*
Norman W. Miller,* and Eva Bengtén™*

An FcR homolog (IpFcRI), representing the first such receptor from an ectothermic vertebrate, has been identified in the channel
catfish (Ictalurus punctatus). Mining of the catfish expressed sequence tag databases using mammalian FcR sequences for CD16,
CD32, and CD64 resulted in the identification of a teleost Ig-binding receptor. IpFcRI is encoded by a single-copy gene containing
three Ig C2-like domains, but lacking a transmembrane segment and cytoplasmic tail. The encoded Ig domains of IpFcRI are
phylogenetically and structurally related to mammalian FcR and the presence of a putative Fc-binding region appears to be
conserved. IpFcRI-related genomic sequences are also present in both pufferfish and rainbow trout, indicating the likely presence
of a soluble FcR in other fish species. Northern blot and qualitative PCR analyses demonstrated that IpFcRI is primarily expressed
in IgM-negative leukocytes derived from the lymphoid kidney tissues and PBL. Significantly lower levels of IpFcRI expression
were detected in catfish clonal leukocyte cell lines. Using the native leader, IpFcRI was secreted when transfected into insect cells
and importantly the native IpFcRI glycoprotein was detected in catfish plasma using a polyclonal Ab. Recombinant IpFcRI binds
catfish IgM as assessed by both coimmunoprecipation and cell transfection studies and it is presumed that it functions as a secreted
FcR akin to the soluble FcR found in mammals. The identification of an FcR homolog in an ectothermic vertebrate is an important

first step toward understanding the evolutionary history and functional importance of vertebrate Ig-binding receptors. The
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eceptors specific for the Fc portion of Ig (i.e., FcR) are
R expressed by a wide variety of mammalian cells of he-

mopoietic origin. In general, FcR participate in activation
or inhibition of immune responses following the recognition of
monomeric Ig or Ig in the form of immune complexes. Since early
reports describing the presence of FcR on macrophages (1) and
lymphocytes (2—4), more recent studies have expanded the under-
standing of the genomics and functional significance of these im-
portant innate immune receptors.

In humans, eight genes found on chromosome 1q21-23 encode
for the IgG FcR family (FcyR) (5-7). These include the high-
affinity FcyRI (RIA, RIB, and RIC) as well as the low-affinity
FcyRII (RIIA, RIIB, and RIIC) and FcyRIII (RIIIA and RIIIB).
Comparatively, only three genes, split between two different chro-
mosomes, encode for the mouse FcyR (5, 8). Recently, a murine
IgG FcR (FcyRIV) with preferential specificity for IgG2a and
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IgG2b has been described, and it appears to be conserved in all
mammalian species (9). Receptors for IgE (FceR) are present in
both humans and mice (10, 11), and a novel FcR that binds to both
IgM and IgA isotypes (Fca/uwR) has also been reported in mam-
mals (12, 13).

In most instances, the classical mammalian FcR genes encode
for immune receptors consisting of extracellular C2 Ig domains
(D),* a transmembrane (TM) segment, and a cytoplasmic tail
(CYT) that may contain signaling motifs. The membrane distal D1
and D2 Ig domains of FcyRI are structurally related to the two Ig
domains of the low-affinity receptors, albeit the acquisition of a
third membrane proximal domain (D3) is necessary for the high-
affinity Ig binding exhibited by FcyRI (14-17). Depending on the
type of FcR engaged, cellular activation or inhibition occurs
through association with adaptor molecules or signaling motifs
present within the CYT. In addition to the positive and negative
regulation of cellular responses, FcR also participate in the uptake
and clearing of immune complexes as well as the transport of
Ig (18).

Alternative splicing and proteolytic cleavage of membrane-as-
sociated FcR have been shown to generate soluble forms of these
receptors (sFcR) (19). For example, alternative splicing results in
the generation of a TM-deleted FcyRIIb2 mRNA (termed
FcyRIIb3), providing a third isoform encoded by the single murine
FcyRII gene (8, 20). This FcyRIIb3 is a secreted protein and has
been identified in culture supernatants of macrophage cell lines

4 Abbreviations used in this paper: D, domain; TM, transmembrane; CYT, cytoplas-
mic tail; FCRL, FcR-related protein; XFL, Xenopus leukocyte FcR-like protein; Ip,
Ictalurus punctatus; LITR, leukocyte immune-type receptor; sFcR, soluble FcR; EST,
expressed sequence tag; LRC, leukocyte receptor complex; CFS, catfish serum; UT,
untranslated; qPCR, quantitative PCR; PDGFR, platelet-derived growth factor recep-
tor; BLAST, basic local alignment search tool; BAC, bacterial artificial chromosome.
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expressing FcyRIIb2 (20). A similar mechanism also has been
identified in humans for the FcyRIla gene, which is secreted by
Langerhans cells and K562 and U937 cell lines (21). In activated
neutrophils and macrophages, proteolytic cleavage of the mem-
brane bound FcyRIII releases sFcyRIII, which represents the ma-
jor form of sFcR found in human plasma (22, 23). Although the
biological significances of sFcR are not entirely understood, mam-
malian sFcR can inhibit the binding of immune complexes to
FcyR-positive cells, down-regulate B cell proliferation and Ab
production, and trigger cellular activation by binding to comple-
ment receptors (19, 21, 24-26).

To date, Ig-binding FcR homologs have not been identified in
any ectothermic vertebrate, although it is well established that
these animals produce Abs (reviewed in Ref. 27). Several studies
suggest that immune cells in amphibians, fish, and sharks bind to
Ig, presumably through Fc-like receptors (28—-37), and it is spec-
ulated that the transfer of Abs from mother to eggs in teleosts and
elasmobranches is also a FcR-mediated process (38, 39). However,
despite this functional evidence, an Ig-binding FcR homolog in
these animals has not been identified, which has limited the un-
derstanding of not only the evolutionary history of Ig-binding re-
ceptors but also their functional significance in ectotherms. In this
study, we report the initial identification and preliminary func-
tional characterization of a novel Ig-binding soluble FcR homolog
from the channel catfish.

Materials and Methods

Experimental animals, cell lines, and mAbs

Catfish (1-2 kg) were maintained in individual tanks as described previ-
ously (40). The 1G8 and 3B11 lines are cloned autonomous B cells gen-
erated from two different out bred catfish by mitogen stimulation (41, 42).
The 42TA is a macrophage cell line (42), and TS32.17 is a cloned non-
autonomous Ag-dependent cytotoxic T cell line, which requires weekly
stimulation with irradiated allogeneic cells for continuous proliferation
(43). An MLC was developed by in vitro stimulation of naive catfish PBL
with irradiated 3B11 cells and maintained by weekly stimulation (44). Cat-
fish cell lines were grown at 27°C in a modified mixture of AIM-V and
L-15 (Invitrogen Life Technologies) supplemented with 3% normal catfish
serum (CFS) as described previously (42). The HeLa cell line was obtained
from American Type Culture Collection and grown in DMEM (Sigma-
Aldrich) with 10% FBS.

Mouse mAbs 9E1 (IgGl, k) and 1H12 (IgG1, k) react with catfish IgM
H chain (45); mAb 9E1 was used for flow cytometry and 1H12 for Western
blot analyses. mAb 1.14 is an isotype control that reacts with rainbow trout
(Oncorhynchus mykiss) IgM H chain, but not with catfish IgM (46). Hy-
bridoma cells were grown at 37°C in DMEM supplemented with 10% FBS.
Hybridoma culture supernatants were used directly as the mAb source and
contained equivalent IgG concentrations as determined by ELISA and
Western blot analyses.

Fractionation of catfish leukocytes

Leukocyte isolation and fractionation were performed using a combination
of Percoll gradients (Sigma-Aldrich) and MACS. Briefly, catfish leuko-
cytes were isolated from heparinized blood and homogenized tissues
(spleen, pronephros, and mesonephros) by centrifugation on a cushion of
Ficoll-Hypaque (Lymphoprep; Accurate Chemical) (42). Leukocytes (2 X
10®) were separated into IgM-negative and IgM-positive fractions using
mADb 9EI and MiniMACs separation columns (Miltenyi Biotec) according
to the manufacturer’s protocol. The IgM-negative fraction was resuspended
in 3 ml of RPMI 1640 medium and layered onto a discontinuous 34% and
51% Percoll gradient and centrifuged at 600 X g for 25 min. Cells at the
34% Percoll layer (p34; 1.035-1.052 g/L layer) and 51% Percoll layer
(p51; 1.064 g/L layer) were collected, washed with RPMI 1640 medium,
and subsamples were either stained using a Sudan Black B staining kit
(Sigma-Aldrich) or analyzed by flow cytometry on a BD Biosciences
FACScan system.

Identification of Ictalurus punctatus FcRI (IpFcRI)

Using mammalian FcR sequences CD16, CD32, and CD64 as queries to
search the catfish databases, a single EST (BE469704) from a catfish pro-
nephros (head kidney) cDNA library was identified. Subsequently, 3'-
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RACE protocols were used to obtain the full-length IpFcRI sequence using
the primers listed in Table I. A search for IpFcRI-like sequences among
44,037 ESTs in the TIGR Catfish Release 6.0 database ((www.tigr.org))
using basic local alignment search tool (BLAST) analysis (47) identified
five matching ESTs (CK422401, CK412589, CK405253, CK411364, and
BE469529).

A bacterial artificial chromosome (BAC) 059-N02 was identified by
PCR screening of the CCBL1 BAC library (48) using the primers listed in
Table 1. The IpFcRI gene was sequenced directly from BAC DNA by
primer walking (U.S. Department of Agriculture/Agricultural Research
Services Mid South Area Genomics Laboratory, Stoneville, MS). IpFcRI-
related sequences in other teleosts were identified by BLAST (47) against
the National Center for Biotechnology Information (NCBI; (www.ncbi.
nlm.nih.gov)) databases. A rainbow trout IpFcRI-related sequence was
generated by aligning the following ESTs: CA350052, CA350202,
CA354438, CA356126, CA357473, CA344819, CA345217, CA347628,
CA359710, CA366579, CA371062, CA372019, CA372368, CA374824,
CA381028, CA381525, CA388014, CA366714, CA375361, CA381310,
BX082867, BX082868, BX075495, BX075496, and CR374266. A Tetra-
odon nigroviridis IpFcRI-related sequence (CAF97406) was also identi-
fied, and a Fugu rubripes sequence was found within Scaffold_610.12 using
BLAST ((www.genome.ucsc.edu)) and Genscan Gene predictions.

Sequence analyses

Nucleotide and amino acid sequences were analyzed using DNASTAR
softwareand aligned using CLUSTAL_W (49). Neighbor-joining trees with
pairwise gap deletions were drawn using MEGA v3.0 (50). Similarity
searches were performed using BLAST (47) against the NCBI nonredun-
dant protein database and the Protein Data Bank (PDB). Ig domains, TM
segments, and secondary structure were predicted using Simple Modular
Architecture Research Tool (51), Pfam databases (52), and the 3D-PSSM
server (53). Signal peptide and predicted signal peptidase cleavage site was
performed using the SignalP 3.0 server ((www.cbs.dtu.dk/services/
SignalP)). Sequence decorations were performed using GeneDoc
(¢http://psc.edu/biomed/genedoc)). Protein modeling was performed using
SWISS-Model ((http://swissmodel.expasy.org//SWISS-MODEL.html)).
The GPI-anchorage prediction program, big-PI Predictor, was used to
locate potential GPI-anchorage sites ((http://mendel.imp.univie.ac.at/
gpi/gpi_server.html)).

Southern blot and expression analyses

Genomic DNA was prepared using erythrocytes from outbred catfish (54),
and 10 ug was digested with PstI or EcoR I, separated on 1% agarose gels,
and transferred to Hybond-N* membranes (Amersham Biosciences). Hy-
bridizations were performed in Rapid-Hyb buffer (Amersham Biosciences)
at 65°C, and membranes were washed at high stringency (65°C with 0.1X
SSC, 0.1% SDS). The 5’ IpFcRI probe consisted of the first two Ig domains
of IpFcRI, and was PCR amplified using primers I317F and I318R (Table
I) with IDPol DNA polymerase (ID Labs Biotechnology) and random
primed with **P-labeled dCTP by Megaprime labeling (Amersham Bio-
sciences). The 3" IpFcRI probe (primer pairs 1265F and 1271R; Table I)
contained part of the third Ig domain plus the untranslated (UT) region. For
Northern blots, total RNA from catfish PBL, cell lines, and various tissues
was prepared using RNA-Bee (Tel-Test); 10 ug of each sample were elec-
trophoresed on 1.5% formaldehyde-agarose gels and transferred onto Hy-
bond-N* (Amersham Biosciences), hybridized, and washed as above.

For RT-PCR, freshly isolated RNA was treated with DNase I (Invitro-
gen Life Technologies), and 1 ug was converted into cDNA using an
oligo-T primer and 200 U Superscript III RT (Invitrogen Life Technolo-
gies). Amplification was performed using catfish-specific primers listed in
Table 1. Typical parameters were as follows: 3 min 94°C, followed by 30
cycles of 94°C 30 s, 58°C 30 s, and 72°C 1 min 30 s, with a final 10 min
extension at 72°C. Products were visualized on 1.2% TAE-agarose gels.
Quantitative (q)PCR was performed using the iCycler iQ (Bio-Rad) in
96-well microtiter plates. Reactions contained 12.5 ul SyberGreen Master
Mix (100 mM KCl, 40 mM Tris-HCI (pH 8.4), 0.4 mM each dNTP, 0.5 U
iTaq DNA polymerase, 6 mM MgCl,, 20 nM SyBrGreen dye; Bio-Rad), 1
wl of each forward and reverse primer (0.2 uM), 1 ul of template, and 10.5
wul of H,O. All samples were amplified in triplicate. The cycling protocol
was 2 min 95°C, followed by 40 cycles of 95°C 25 s, 57°C 30 s, and 72°C
20 s. A negative control devoid of template was included for each primer
pair. Amplification efficiencies were calculated from standard curves gen-
erated using four 10-fold serial dilutions of catfish cDNA. The relative
expression ratio was calculated by the comparative C, method using 18S as
an endogenous control and cDNA derived from unfractionated PBL as a
reference.
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Recombinant protein expression and binding of IgM to IpFcRI

To assess IgM binding capabilities of IpFcRI, recombinant proteins were
generated using both prokaryotic and eukaryotic expression systems and
tested in Ig-binding assays. rIpFcRI was produced in Escherichia coli by
cloning the three IpFcRI Ig domains into the Champion pET 100 Direc-
tional TOPO expression vector (Invitrogen Life Technologies). The rIpF-
cRI, containing an N-terminal 6xHis epitope tag, was purified using Mag-
neHis Ni-Particles (Promega) according to the manufacturer’s protocol,
and refolding was performed according to the protocol given in the protein
refolding kit (Novagen). The rIpFcRI was ~34.6 kDa, including an ~4.1-
kDa epitope tag, and was detected by the anti-Xpress mAb specific for the
N-terminal Xpress epitope.

For the coimmunoprecipitation of catfish IgM with rIpFcRI (or rIpFcRI
with catfish IgM), 2.5 ul of CES was diluted in 500 wl of immunoprecipi-
tation (IP) buffer (50 mM Tris-HLC, 300 mM NaCl, 0.1% SDS pH 7.5) and
precleared with 20 ul of Sepharose G beads (Amersham Pharmacia Bio-
tech) for 30 min at 4° C. Two ug of rIpFcRI, 25 ul of Sepharose G beads,
and 1 pg of anti-Xpress mAb or 1 ug of anti-V5 mAb (Invitrogen Life
Technologies) were added to the precleared CFS and incubated for 14 h at
4°C on a rotary shaker. Immunoprecipitations were also performed as de-
scribed above but with 50 ul of anti-catfish IgM mAb 9E1 or 50 ul of the
isotype control mAb (1.14). After three washes, the Sepharose G beads
were re-suspended in 75 ul of IP buffer and 25 ul of 4X SDS-PAGE
reducing buffer and boiled for 5 min. Twenty ul samples were electropho-
resed on 10% SDS-PAGE gels, transferred to Hybond-ECL nitrocellulose
membranes (Amersham Biosciences) and incubated in Tris-buffered saline
supplemented with 1.0% BSA and 0.1% Tween 20 (TTBS-BSA) for 30
min at room temperature. Duplicate membranes were incubated overnight
with either anti-catfish IgM mAb 1H12 (1/2 v/v) or anti-Xpress mAb (1/
5000 v/v) in TTBS-BSA for the detection of catfish IgM and rIpFcRI,
respectively. Following incubation with primary Abs, membranes were
washed and incubated for 1 h at room temperature with 1/5000 (v/v) of
goat anti-mouse Ig (H+L)-HRP (Southern Biotechnology Associates) di-
luted in TTBS-BSA. After a final wash in TTBS, immunoreactive bands
were detected using the SuperSignal West Pico chemiluminescent substrate
kit (Pierce).

To verify the Ig-binding results obtained with E. coli-produced protein,
IpFcR also was expressed on the surface of HeLa cells. Briefly, an IpFcRI

Table I. IpFcRI Primers
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fragment encoding the three Ig domains was amplified from spleen cDNA
using primers incorporating an Xmal site before the first Ig domain and a
Pstl site after the third Ig domain (Table I). This IpFcRI product was then
cloned into the pDisplay vector (Invitrogen Life Technologies) that intro-
duces an N-terminal Ig k-chain leader sequence and C-terminal platelet-
derived growth factor receptor (PDGFR) TM segment designed to target
the protein to the cell surface. The IpFcRI-PDGFR construct was then
transiently expressed in HeLa cells using GeneJuice Transfection Reagent
(Novagen) according to the manufacturer’s protocol. After 48 h, surface
expression was detected by flow cytometry using anti-c-myc-FITC conju-
gated mAb (2 pug/ml; Sigma-Aldrich) and by immunoprecipiation using the
anti-HA mAb (HA.11 ascites fluid; Covance) as described previously (55).
To determine whether surface expressed IpFcRI binds catfish Ig, IpFcRI-
transfected HeLa cells were incubated with either 1% CFS or 25 ug/ml
purified catfish IgM (56) for 20 h at 37°C. Cells (1 X 10°ml) were har-
vested and washed with ice-cold RPMI 1640 medium containing 0.3%
sodium azide, and 100 ul of the cell suspension was incubated with 100 wl
of a 1/2 dilution of mAb 9EI (for surface IgM detection) or mAb 1.14
(negative control) for 30 min. After washing, cells were incubated with 15
ng/ml goat anti-mouse Ig (H+L)-biotin (Southern Biotechnology Associ-
ates) and 10 pg of streptavidin-PE (BD Biosciences) for 30 min each.
Detection of IgM (9E1) reactive HeLa cells was determined by analyzing
samples on a BD Biosciences FACScan.

Secretion and detection of native IpFcRI

To test whether the native leader of IpFcRI could generate a secreted pro-
tein, IpFcRI was amplified using primers incorporating a Sacl site before
the native leader and an EcoRYV site after the third Ig domain (Table I). The
product was cloned into the pIB/V5-His (Invitrogen Life Technologies)
insect expression vector and then transiently transfected into Sf9 cells (In-
vitrogen Life Technologies) using Cellfectin reagent (Invitrogen Life
Technologies). After 72 h, supernatants (30 wl) and cell lysates were ex-
amined for rIpFcRI by Western blot using the anti-V5 mAb.

A rabbit IpFcRI pAb was produced using the E. coli-generated rIpFcRI
protein according to the protocols of Cocalico Biologicals. Rabbit sera
(1/1000-1/10000 (v/v)) were screened by Western blots against the
rIpFcRI (~100 ng per lane) using goat anti-rabbit IgG-HRP (1/5000 (v/v);
Southern Biotechnology Associates) as the secondary Ab. The prebleed

Primer Sequence 5’ to 3’ Location® Use”
1266 F CCGACGAACCACAGAACCAA 317-333 s
1264 F GTAAGGAGTGGGAACAAAGTGGA 3245-3267 s
1265 F AAATGGCAACAGGCTAGGACC 3334-3354 s, h
1271 R AGCCAATCATGCATATGTATTC 4135-4156 s, h
1316 R AATAGCTGTGTTGCTTCGTGCA 3890-3911 S, p
1317 F CTCCCGGGACAGTGAGTTTGGGAAAGC 799-817 s,h,c,p,n
1318 R AGCTGCAGCAGAGACTGGGAAGACTG 2884-2902 s, h, n
1319 R AGCTGCAGTTTACCTGGTTACTCCACC 3453-3472 S, ¢, p
1385 F CTCCCATCCATGTGATCAC 3977-3995 s
1386 F CCAGGTGAGGAATACACAGA 1939-1958 s
1387 R CCATGAGGTGGCATGTTGAA 14141433 S
1388 F CATGCCACCTCATGGCAAAG 1419-1438 s
1389 R CACTTAGGGGTGTACTCGCT 1246-1265 s
1390 R GGGTTTAGGTCTGGAGACAT 2168-2187 s
1391 R CTTTCCCAAACTCACTGTGGCAA 796-816 S
1392 F GACCCTCTTAAAATACATGTTGA 1036-1058 s
1393 R ATGTGCCAACACTGAAGAAATGA 2451-2563 S
1394 F ATCAGTCTTCCCAGTCTCTGC 2882-2902 s
IpFcRI pIB F ATAGGAGCTCAGGCAACGCAACCACCATG 334-352 i
IpFcRI pIB R TTTGATATCGTTTACCTGGTTACTCCACCG 3452-3472 i
IpFcRI-RT F TGCCAGAGACACATACGCCATC 3361-3382 q
IpFcRI-RT R CCAAGGTCTACAGGTTCAGAGGAG 3486-3509 q
18S-RT F CGCCCCGCCCAACTCGCCTGAATA N/A q
18S-RT R CGAATGCCCCCGCCGTCCCTCTTA N/A q
TCRa F CGGGAGCCGTCAATTTACAAA N/A p
TCRa R GCAGGCAAATGAAAGTAGAAT N/A p
IguM F GAGTGGATCAATGGCACCGAATTCAT N/A p
IguM R CTCCATCTCATAGTGGAAGATCTCTG N/A p
EFla F GACTGCCACACTGCTCACATTG N/A p
EFla R TTAGTTACTCAGCAGCTTTCTTCC N/A p

“ Refers to nucleotide number in GenBank DQ286289.

b, Sequencing; h, hybridization; c, protein expression; p, RT-PCR; n, nested PCR; i, insect expression; q, qPCR.
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CCGACGAACCACAGAACCAAMRGGCAACGCAAGCCACC 37
<Signal Peptide >
ATGCACTTTTTCCACATC TTCATCGTTTTTATAACATTGC TTGCATG TG TCAGGATGGATGATATAGATCCCACACCACCCCCAGTGARA 127
M HFFHTIVFIVF FTITULILA ACVYVYRMDUDTIUDTEP?PTTE PTEZPVK
< Domain 1 -
GCCARRGCCACAGTGAGT TTGGGAAAGCCGCGEC TG TTC TCAGGGGARGA TETGCAGATGAC TTGCAGTGTCCCAGA TGACCCTTCATCC 217
A K ATV S LG KPRULPSGEUDUVQMTOCSV PDTUDTEPS 8

AACTGGACGTATGAGTGG TTCCATGATGGTGARC TC TTGAGC GCCACAGAAGTG TACAGTTTAAAC AAGGCACAAGTCCTGCARAGTGGA 307
II!"I!:I'!’HDGELLSATEVYSLNKIQVLQSG
>

AACTATACCTGTAAAGGA TTGAAGACGATAARAGC TTGGCCC TATATAGTGCCA TCAATTCCAAGC GACCCTC TTAAAATACATGTTGAT 397
N ¥ T c¢c K 6 L KT I KAUWEPYTIUVZP S I P S DUZPTULTIEKTITUHUVD

< Domain 2

GGTGETTGGGTTCTCCTACARACCCCATTTGAGCCATTAATTATTGAGGAAAACATGAC TCTGACC TGCCGTGTCCG TGATGACCCCOTC 487
6 6 WV LLQTTZPTFETPLTITITETEU MNMNM®TILTOCRVYVU RTUDDTEPIL

CTGTCARATGTGATCTTC TACAAGGATGGGGTGGAGTTCAATAAGCAGAAAGGC ACAGATG TGGTG TTCACCAAAC TCACGC TTGAGGAT 577
L 8 NV I F Y KDGVETFNZ K GQEKSGTUDUWVVYVFTUE KTLTTLTED

>
GCTGCCATTTACTCATGCAGGGCCACATGGATTAAGRACATGGAATATCAGTC TTCCCAGTC TCTGCCTTCTTATG TGAC TG TATTAGAT 667
A A I Y S €CRATUWIKNMMEYGQS5 s @Q S L P 5 YV TV LD

< Domain 3

ATATTGGAARCACCCACGATGACGATTGTC GGAGGTCGGGGTAGAGTAAGGAGT GGGANCARAGTGGAATTCAGATG TATTACCARAGTA 157
I LETZPTMTTIVWVGGRGRVRS GNIEKUVETFHRTETITTZ KV

AATGCTAGAGARCARGAC CTGAATATAGAA TACTTCTACTTARARAATGGCAACAGGC TAGGACC TGC TTC TGCCAGAGACACATACGCC 847
N AREQDULNTIETYT FYULI KMNGNU RTLGTPA ASARTDTYRA

>
ATCTCAGAGGTGAACATAAATCATACCGGAAACTACACCTGC ARAGTCCGTATAAGGGC TC TGAATGTGGAGCGGTGGAGTAACCAGGTA 937
I 8 EVHNIMNBSEKTGMNYTOCEKVRIRAMLINTYETRTES SN QV

AACCTGAAGGTCCTGCCTCCTCTGAACCTG TAGACCTTGGGA TGTAAGTTTC TGAGAGCCAGTGTACCANTGCTCCAGCCCTGGAATGCA 1027
N L KV L P P LNIL *

CGAAGCAACACAGC TATTCAGCTATCATCCARGTTCTTCACTATTTTAGAATAC TCTTGCATTGTTCACTGTTTTCTGCCTTTCTCCCAT 1117
CCATGTGATCACAATTCTGACCTTTAAACG TATGTTATATAC TGGATTGATGATGCAAATTATATT TTGAATC TGAGAAACTTTTATACC 1207
TTTTATTTCATTTTACAAGAACAGAGATATACCCTTAAATAACAGTTTTCCTAT TTGATTTGAATACATATGCATGA TTGGC TTATTTAA 1297
ATCTTAAAATGCAATACTATTTTACTTTGGARRC TATG TG TAATAAA TG TTTTT TTTG TTTTTTTACAATC TATCAA TARACACATGGAR 1387
CACATGAARAAAAAAAAAARAA 1409

B 12 3 4 5 8
H— - .

L1L2 D1 D2 D3
400 bp

< Signal Peptide > < Domain 1
| punctatus : M-HFFHIFIVFITLLACVRM---DDIDETPPEVKARATYSLGKEALPSGEDVOM VEDDEBENWTYEWFHDGELLSAT- EVY SLNKAQULQEGNY : 94
0. mykiss ¢ MRLLLSLL- - UVSTLEQLAE- - - LQVEPT SAPQTAVAELVRGLEWIF SGE IVH] GNVSAEWRYRWFRGGEQLQE 3 - EYFVLWRARFQQ : 93
F. rubripes : MEVVVFLLDALKSIFDLLIESSLFPEAPLGAQFRAVLEIVAGHIRIFSGDDVE DEYQETWRYLWFKG SEELQQHGNEL ITWRART. : 99
T.nigroviridis : METVVFFL-AL- STLPRLSE---- PLUNLVAPYNPVVEILSGDFRIFSGES D- HMBTWOYRWFKG 9 EELHYHGQIF VLWRARVD DTGRY : 92

> < Domain 2

I. punctatus : KELKTIRAWFYIVPSIPSDPLKIHVDEGWVLLQTRFEPLITEENNT VRDDPLLENVIFYKDGVEF NRQKGTD-- VVFTKLTLE : 191
0. mykiss ¢ QGLRT--TWINTQHTLHSLPIEIEVDGGWAILQAPELPMLVGETMT LTICRVRNNPKLTEVILYKDGVELQIQRGPE - - LARVINLTLQHHGS : 188
F.rubripes : QGVAD-- TAVGQLHTNQSLPVEIFVDGGWALTRVTPQPALVGHTLE VRGKHPHTEVILYRDGVEVMRERGKDPQPILSNLTT : 196
T. nigroviridis : QGVAD--TVVEDIRTLOSVPVEIIVDGGWAL THUTPQPALVGHS VRGRRPLSEVILYRDGVEVMRNQGNNPKPLLSNLTIED : 189

> < Domain 3

| punctatus : KNMEYQSSQSLPEYVEVLDILETRTMTIVGGRGRVRIGNKVEF AL TKVNAREQD LNIEYFYLKNENRLGPABARDTY AL SEVNINHEG VRIRA : 290
0. mykiss : GRRETNSVISVAAPVEIIEVLTEPMLEIVENDPLIHK-DRAMLL VQLNARQPVPHIHYYFYODGL SLGPASSQDKITVLAD- - - - sIPT : 282
F. rubripes ¢ VAGLTHSVMSVETLGRUVEILTKPVLEIDVNNNQIP- - NAMRLICHHEYNLPAPABD VHFYFYRND K VLGPATSENRLSVNQR- - - - PGLYSCREVEVT : 289
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FIGURE 1. Comparison of catfish IpFcRI and other teleost FcR-like sequences. A, Nucleotide and predicted amino acid sequence of IpFcRI. Predicted
signal peptide and Ig domains are labeled, the signal peptide cleavage site between residues 19 (M) and 20 (D) is underlined, potential N-linked
glycosylation sites are gray shaded, and the stop (TAG) codon is underlined and marked (). Polyadenylation sites are underlined and nucleotide numbers
are at left. B, Schematic IpFcRI gene representation. Exons are numbered and labeled with the regions that they encode: L1 and L2, leader sequence;
D1-D3, domains 1-3; [], 5" and 3’ untranslated regions. The GenBank accession numbers for IpFcRI ¢cDNA and the IpFcRI gene are DQ286290 and
DQ286289, respectively. C, Amino acid alignment of IpFcRI with related fish FcR-like sequences. The predicted signal peptide and domains are labeled.
Residues similar/identical with IpFcRI are gray shaded; conserved cysteines are boxed, and gaps (—) are indicated. Amino acid numbers are at right.
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sera demonstrated no immunoreactivity at all dilutions tested, whereas im-
mune sera readily detected the recombinant protein (data not shown). The
IpFcRI pAb (1/3000 (v/v)) was then used to detect IpFcRI in catfish plasma
samples (5 ul per lane) by Western blot analyses. For some experiments,
the plasma proteins were deglycosylated using PNGaseF (0.01 U; QA-Bio,
CA) for 3 h at 37°C according to the manufacturer’s instructions.

Results

IpFcRI sequence analyses

By searching the catfish EST databases using the mammalian FcR
sequences CD16, CD32, and CD64 as queries, a catfish FcR ho-
molog (IpFcRI) was identified. IpFcRI ¢cDNA consists of 1409
nucleotides with a 933-bp open reading frame encoding 311 aa
(Fig. 1A). The polypeptide is composed of a signal peptide se-
quence containing a signal peptidase cleavage site between resi-
dues 19 and 20 (predicted using SignalP 3.0 software) and a 292-aa
region containing three Ig-like domains (D1-D3). The mature pro-
tein has a predicted weight of 32.77 kDa. Five potential N-glyco-
sylation sites were found, two within the first Ig domain, one in the
second Ig domain, and two in the third. The IpFcRI transcript does
not encode a TM segment or CYT region. The third Ig domain
ends at leucine 290, and the remaining 19 C-terminal amino acids
encode a region of low compositional complexity with no identi-
fiable motifs or domains. Notably, no GPI-anchorage prediction
sites are predicted within the sequence, suggesting that IpFcRI is
secreted. Five additional IpFcRI cDNAs also were identified from
the known catfish databases in an attempt to find an IpFcRI-like
transcript containing a TM and/or CYT segments. A total of
44,037 ESTs were screened, and all 5 IpFcRI-like sequences were
identical with the original IpFcRI and lacked a TM and CYT.
Furthermore, cDNA library screens, nested PCR, and 3'RACE
protocols yielded only IpFcRI transcripts that lacked TM segments
and CYT regions (data not shown).

The IpFcRI gene spans 3944 bp and consists of 6 exons (Fig. 1B).
The first 33 nucleotides of exon 1 are UT, and the remaining 25
nucleotides plus the first 36 nucleotides of exon 2 encode the pre-
dicted leader sequence. Exons 3-5 contain 300 bp, 277 bp,and 328
(305 coding) bp, respectively, each encoding a single Ig domain. The
last 60 nucleotides of exon 5 encode the low-complexity region and
part of the 3" UT region. All of the IpFcRI exon/intron boundaries
follow a phase 1 splicing pattern. Exon 6 encodes the remainder of the
3’ UT. The longest intron, 1596 bp, is between exons 3 and 4.

Database searches and genome mining identified IpFcRI-related
sequences in pufferfish and rainbow trout (Fig. 1C). These related
sequences were 21-33% identical with IpFcRI and the highest
amino acid identities/similarities were present in the D1 and D2
regions. The IpFcRI predicted signal peptide was not similar with
those of the other fish species and the Tetraodon nigroviridis se-
quence was truncated within D3. Both the trout and Fugu rubripes
IpFcR-like sequences appeared to encode full-length proteins, and
like catfish, they lacked TM and CYT regions, suggesting that FcR
homologs lacking TM and CYT are not unique to catfish.

Phylogenetic analysis and similarity searches

Database searches using the IpFcRI predicted amino acid sequence
identified various mammalian FcR and FCRLs as potential rela-
tives (E values ranging from 4e-19 to le-10; ~25-35% amino acid
identity; Table II) a relationship reinforced by phylogenetic anal-
yses. As shown in Fig. 24, the IpFcRI D1 and D2 Ig-domains
(encoded by exons 3 and 4) cluster with high bootstrap values with
their mammalian FcR Ig-domain counterparts. IpFcRI D2 also ap-
pears to be related to the D2 of a new FcR-related molecule
(FcRX) that is also known as the FcR homolog expressed in B
cells (FREB; 57, 58). However, mammalian FCRX/FREB does not
contain a DI similar to those of the classical FcR or IpFcRI, a
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Table II. Representative IpFcRI BLASTP Results”

Receptor Accession No. Score £ Value
Unnamed  Pufferfish CAF97406 117 3e-25
FcyRI Mouse ABAD97676 98 4e-19
FcyRI Rat XP_215643 90 8e-17
XFL1.6 Xenopus AAQ63873 90 le-16
XFL1.4 Xenopus AAQS56585 86 le-15
FcyRI Macaque AAL92095 84 4e-15
FcyRI Dog BAC80263 84 Te-15
FcyRI Human CAI12557 82 3e-14
XFL1.2b Xenopus AAQS56583 80 8e-14
FCRL3 Human CAH73059 72 2e-11
LITR3 Zebrafish XP_694305 72 2e-11
LITR1 Catfish AAWS2352 70 le-10
FcyRI Bovine NP_776963 69 le-10
FceRla Mouse NP_034314 69 2e-10
LITR3 Catfish AAW2354 67 7e-10
FceRla Sheep CAB40544 66 2e-9
FREB-2 Human AAX11390 66 2e-9
XFLI1.1b Xenopus AAQ56584 66 2e-9
FeyRIIL Pig Q28942 65 3e-9
FREB-2 Mouse AAS82875 62 3e-8
FeyRIIL Bovine CAA68026 60 9e-8
FeyRIIT Human NP_000561 60 le-7
FcRX Mouse AAM97592 60 le-7
FCRL6 Human NP_001004310 59 le-7
FcyRIIB Mouse AAA97464 54 Se-6

< Similarity search (BLASTP) of NCBI's non-redundant protein database using
the predicted amino acid sequence of IpFcRI (11/1/05).

notion further reinforced by phylogenetic analysis (Fig. 24). Nei-
ther IpFcRI D1 nor D2 clustered with FcyRI D3 domains or with
the two Ig domains of FcaR (CD89), a receptor encoded within the
LRC on chromosome 19q13.4. The IpFcRI D3 Ig-domain also was
not phylogenetically related to any of the mammalian FcR Ig do-
mains (data not shown). When the IpFcRI D1/D2 sequence was
compared with the D1/D2 aa sequences of representative mamma-
lian FcR, FCRL, and with receptors found within the LRC, it was
clear that the putative IpFcRI Ig-binding unit was significantly
related to the mammalian FcR and FCRL families (bootstrap
value = 94; Fig. 2B). Furthermore, IpFcRI D1/D2 is a closer rel-
ative to mammalian FcR than are the newly described IpLITRs
from catfish, which also encode FcR-related D1and D2 Ig domains
(59). Schematic comparisons of IpFcRI Ig domains with
representative mammalian FcR and FCRL (60) as well as IpLITRs
are summarized in Fig. 2C.

IpFcRI structural analysis

The predicted B-strand in IpFcRI are present in similar positions
as the B-strand found in the mammalian FcR family members with
the exceptions of an additional B-strand predicted within the D1
between the F and G strands as well as a missing C’ (-strand
within the D2 (Fig. 3A). In some instances, the predicted IpFcRI
B-strand were present in regions of high amino acid identity/sim-
ilarity, and five of the FcR residues known to contact the Fc por-
tion of mammalian Ig were either conserved or similar in the cat-
fish sequence (Fig. 3A; note that human FceR was the FcR used for
comparison of contact residues). Similarity searches against NC-
BI's PDB also revealed that IpFcRI D1 and D2 are structurally re-
lated to the corresponding Ig domains of several mammalian FcR.
Human FceRlIa (1J89; score 63, E value 8e-11) was identified as the
closest structural relative to IpFcRI; Fig. 3B depicts a tube diagram
comparing IpFcRI and FceRla. A protein model of IpFcRI generated
using the SWISS-Model program is also shown (Fig. 3B). Similar to
FcR, IpFcRI D1D2 folded into two Ig-like domains consisting of
eight B-strand that were arranged perpendicular to each other. Such a
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FIGURE 2. Phylogenetic analyses re-
veal IpFcRI contains Ig domains related to
mammalian FcRs. A, Comparisons of
IpFcRI individual D1 and D2 sequences
(gray, underlined) with representative
mammalian FcR and FcRX/FREB Dl
and D2 sequences. B, Comparisons of
IpFcRI D1D2 (gray, underlined) with rep-
resentative DID2 of FcR, FCRL,
IpLITRs (gray) and genes encoded by the
mammalian and avian LRC. Accession
numbers for the Ig domain sequences are: B
human (hu)FcyRI(CAI12557), huFcyRII
(CAA35642), huFcyRIII (CAA36870),
huFceRI  (AAHO05912),  huFCRL3
(AAH28933), huFCRL4 (AAK93970),
huFCRLS (NP_112571), huFcaR
(AAH27953), huLILRB1 (AAHI15731),
huKIR3DL1 (AAC83928), huKIR3DS1
(AAV324406), human NKp46
(AJ001383), mouse (mo)FcyRI
(AAD34931), moFcyRII (AAA37608),
moFcyRIII  (NP_034318),  moFceRI
(NP_034314), moFCRL3 (AAS91578),
moNKp46 (AJ223765), rat (ra)PIRAIL
(XP_341773), CHIRA2 (CAG33731),
catfish (Ip)LITR1 (AAWS82352),
IpLITR2 (AAWS82353), and IpLITR3
(AAWS82354). C, Schematic representa-
tion of IpFcRI compared with representa-
tive catfish IpLITR, human FcR and se-
lected FCRL. The individual Ig domains
for each receptor are shaded according to C
their relatedness with huFcyRI. Domains
colored black have no phylogenetic rela-
tionship with huFcyRI.
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structure is reminiscent of the tertiary protein structure of mammalian was observed in EcoRI digests with both an IpFcRI D1D2 and

FcR determined by crystallization studies (61-63).

Southern blot and expression analyses

a 3’-end specific probe. Comparatively, three bands are ob-
served in Pstl digests, which reflect the presence of intronic Pstl
sites (data not shown). At the message level, IpFcRI transcripts

Southern blot analysis indicated that the IpFcRI is likely a sin- were readily detected by Northern blot (Fig. 4B) in spleen, he-
gle copy gene (Fig. 4A). Only one hybridizing band of ~4kb mopoietic kidney tissues, and PBL. The lower levels of IpFcRI
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FIGURE 3. Sequence and structural conservation between IpFcRI and mammalian FcRs. A, Amino acid alignment of IpFcRI D1 and D2 with repre-
sentative murine and human FcR D1 and D2 Ig domains. Residues similar/identical with IpFcRI are gray shaded. Residues known to make contact with
Ig for the huFceRlIw (62) are boxed and (*) marks residues in IpFcRI that are similar/identical with those contacts. Black and gray arrows represent the
predicted B-strand for IpFcRI and huFceRe, respectively. Hatched boxes indicate conserved cysteines and dashes (—) represent gaps. B, Structural
comparison of IpFcRI D1D2 with huFceRI (PDB; 1RPQD, left panel). Colors indicate positions where IpFcRI is identical (red), nonidentical (blue), and
the location of conserved or similar amino acids involved in contacting the Fc portion of Ig between IpFcRI huFceRI (yellow). Predicted tertiary structure
model of IpFcRI was generated using SwissModel with mouse FceR (SwissProt Accession No. P20489) as template (right panel). Accession numbers for

the FcRs used in amino acid alignment are as in Fig. 2.

message expressed in heart, gill, and liver may be due in part to
residual PBL in these tissues. Because sFcRs in mammals are
released from activated neutrophils, catfish neutrophils were en-
riched from freshly isolated PBL by depleting IgM-positive
cells using MACS and fractionation on a discontinuous 34 and
51% Percoll gradient (Fig. 4C). FACs analysis demonstrated an
enrichment of the granular cell subpopulation from ~65% in
total leukocytes to ~88% following enrichment (Fig. 4C). The
cells present in the lymphocyte gate (based on forward and side
scatter analyses) were reduced from 30 to 5% (Fig. 4C). Stain-
ing of the neutrophil enriched population with Sudan Black B
and enumeration confirmed that these cells were =~90% neu-
trophils. Importantly, analysis by RT-PCR demonstrated that
although levels of TCR and uM message were greatly reduced
in the neutrophil-enriched fraction, equivalent levels of IpFcRI
message were found when compared with the unfractionated
PBL. qPCR was performed to assess the expression of IpFcRI
in fractionated PBL as well as in various tissue subpopulations.
Overall, kidney leukocytes expressed the highest levels of IpF-
cRI message when compared with PBL, spleen, gill, and liver

(Fig. 5A). Because this expression was only partially attributed
to the IgM-positive subpopulation, the IgM-negative leukocytes
were subsequently examined for IpFcRI expression following
isopycnic separation on Percoll gradients (Fig. 5B). These ex-
periments demonstrated that IgM-negative lymphocytes (p34
layer) derived from the kidney tissues expressed the majority of
IpFcRI with lower levels of expression in the granulocytes (p51
layer). Conversely, within PBL, the granulocytes present at the
p51 layer predominantly expressed IpFcRI, whereas IgM-pos-
itive cells and the IgM-negative lymphocytes from the p34 layer
expressed lower levels of message. Therefore, depending on the
tissues examined, the various leukocyte subpopulations differ-
entially expressed IpFcRI.

IpFcRI message expression also was determined in the catfish
clonal cell lines, including those representing B cells (3B11 and
1G8), macrophage (42TA), T cells (TS32.17), and a polyclonal
MLC (SV12). As opposed to freshly isolated PBL, all cell lines,
except for the cytotoxic T cell line TS32.17, did not express
detectable message for IpFcRI, nor did a polyclonal MLC (Fig.
5C). However, reamplification from the diluted PCR templates
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FIGURE 4. IpFcRI gene and expression analyses. A,
Southern blot analysis using two different IpFcRI-
specifc probes is shown. Genomic DNA from four out-
bred catfish (FI-F4) were hybridized with either an B
IpFcRI D1D2 (probe 1) or the IpFcRI 3'-end (probe 2).
B, Northern blot analyses of IpFcRI tissue expression.
Total RNA from spleen, pronephros (HK), mesonephros
(TK), heart (H), gill (G), liver (L), muscle (M) and PBL
(P) were examined. RNA integrity and load levels were
determined by using a catfish EFla probe as a repre-
sentative housekeeping gene. Kb markers are at the left
margin. (*) marks nonstripped (residual) EF1-positive
band. C, FACs analysis, Sudan Black B staining of cat-
fish PBL and neutrophil-enriched fractions (40X) and
IpFcRI message expression in catfish PBL and neutro-
phils. RNA was obtained from freshly isolated PBL and
neutrophils that were enriched from the same PBL. RT-
PCR was performed using primers specific for IpFcRI
(I317 F and 1316 R), catfish TCRe, IgM H chain (mem-
brane form, uM) and IpEF1a. The panels represent re-
sults from two different catfish. Reactions performed
without the addition of template failed to amplify prod-
ucts for any of the primer pairs used (data not shown).

revealed that low levels of IpFcRI message could be amplified
from 42TA, 3B11, and 1G8 cells, as well as the polyclonal
MLC, indicating that in vitro IpFcRI expression is significantly
down-regulated, compared with in vivo expression levels (de-
scribed above).

In vitro secretion of IpFcRI and detection of the native protein

To address the possibility that IpFcRI is a secreted protein it was
cloned into an insect expression vector with its native leader pep-
tide sequence and then transiently transfected into an insect cell
line (S19). As shown in Fig. 6A, rIpFcRI (~52 kDa) was detected
in the supernatant of IpFcRI-transfected cells but not in the control,
indicating that the native leader can indeed be used to generate a
soluble IpFcRI.

Two immunoreactive bands were readily detected in catfish
plasma using a rabbit polyclonal anti-IpFcRI with approximate
weights of 64 and 90 kDa (Fig. 6B, left panel). Both proteins are
larger than the predicted weight of the polypeptide (~33 kDa);
however, 5 N-linked glycosylation sites identified within the
IpFcRI may account for this discrepancy. Following PNGase F
treatment, the 64-kDa band was reduced to ~40, 50, and 55 kDa,
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which is remarkably similar to the pattern observed following deg-
lycosylation of mammalian soluble FcR (21). The ~90-kDa pro-
tein was reduced to ~70 kDa following treatment with PNGase F.
Whether or not this is a highly glycosylated form of IpFcRI, a
related protein, or a product of nonspecific reactivity to the pAb is
presently unknown. Similar-sized bands were detected in PBL
lysates (data not shown).

Ig-binding assays

Normal CFS was incubated with E. coli generated rIpFcRI and the
anti-Xpress mAb in the presence of Sepharose G beads. As dem-
onstrated by Western blot analyses of the immuno-selected mate-
rial using anti-catfish IgM, anti-Xpress mAb coimmunoprecipi-
tated rIpFcRI with more catfish IgM than did the irrelevant anti-V5
mAD used as a control indicating that rIpFcRI associated with
catfish IgM (Fig. 7A, left panel). The weak catfish IgM signal
observed in the control sample may be due to nonspecific associ-
ation of residual IpFcRI to the Sepharose G beads because low
levels were detected in this sample when developed with the anti-
Express mAb (Fig. 7A, right panel). Immunoprecipitations using
9E1 mAb not only selected catfish 1gM (Fig. 7B, left panel), but
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FIGURE 5. gPCR of leukocyte subpopulations and i
IpFcRI expression in catfish clonal leukocyte cell lines. B

@

A, Determination of IpFcRI expression by qPCR in total
leukocytes (M) and Ig" leukocytes ((J) derived from
PBL and various tissues. The relative amounts of IpFcRI

2513

MR W W

Relative Expression

S o Sa . 3
ORmMONBERND R BB
S

mRNA were measured by qPCR and 18S served as an 2
endogenous control. cDNA derived from unfractionated 0 v =
PBL was used as a reference and arbitrarily set to 1.0. PBL F::t HiK ’I"g’i LS T|:+sp|een Gill Liver g 238533 g E
Results are from one representative experiment. B, Ig- Ig- g @
gPCR analysis of leukocytes, Ig*, Ig~ p34, and Ig~ p51
leukocyte subpopulations derived from PBL (M), pro- C =
nephros (HK; ), and mesonephros (TK; [J). Individual T » ;E .‘J'-, o
bars represent the mean plus SD calculated from three bp @ .u_’ 9 '.m_ E a
replicate experiments using ¢cDNA from an individual 10{}0_
fish. C, IpFcRI RT-PCR and nested PCR expression IpFcRI
analyses in various catfish clonal cell lines, PBL and 500
MLC (SV12). IpFcRI specific primers 1317 F and 1316 1000 ——
R were initially used in PCR (fop panel). The PCR were - H {ﬁeste d)
diluted 1/100 (v/v) and then re-amplified with the spe-
cific primers 1317 F and 1319 R (see Table I). PCR prod- 500
ucts were verified by sequencing and PCR performed 300 - TCRa
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also coimmunoprecipitated rIpFcRI (Fig. 7B, right panel), again
suggesting that rIpFcRI binds to catfish IgM. Neither catfish IgM
nor rIpFcRI were detected when replicate experiments using 1.14
(isotype control) were performed (Fig. 7B).

To verity the binding results obtained with prokaryotic pro-
duced protein, IpFcRI also was cloned into the eukaryotic pDis-
play expression vector. The IpFcRI-PDGFR construct, which
contains myc and HA tags, was transiently expressed in HelLa
cells, and the cells were then incubated with CFS or purified
catfish IgM. Surface expression of IpFcRI was demonstrated by
increased anti c-myc reactivity and an average of 40% of the
cells exhibited increased staining (i.e., percent increase of FL1
staining vs mock-transfected cells) 48 h posttransfection (Fig.
8A, upper panel). To verify the FACS results, IpFcRI was sub-
sequently immunoprecipitated from the HeLa cells using the
anti-HA mAb and detected by Western blot (Fig. 8A, lower
panel). An immunoreactive band of ~42 kDa that was equal to
the predicted M, of IpFcRI plus the epitope tags and the PDGFR
transmembrane segment encoded by the pDisplay vector was
detected in the IpFcRI-transfected HelLa cells and not in the
mock-transfected cells (Fig. 84, bottom panel). Subsequently,
incubation of the IpFcRI-transfected cells with 25 ug/ml catfish
IgM or 1% CFS resulted in increased and equivalent intensity of
mADb 9EI staining, 72 and 68%, respectively, compared with
mock-transfected cells and isotype (1.14) controls (Fig. 8B).
These results indicate that catfish IgM preferentially associated
with the transfected cells by reacting with the surface expressed
IpFcRI and that other proteins found in CFS likely do not com-
petitively inhibit the binding of catfish IgM to IpFcRI.

Discussion
In the present study, a novel catfish FcR cDNA, termed IpFcRI,
is characterized. It consists of three predicted C2 Ig-like do-
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mains with no identifiable TM/CYT segments or GPI-linkage
motif(s), suggesting that IpFcRI is secreted and/or intracellu-
larly expressed. The IpFcRI gene consists of six exons that
encode a split leader peptide (exons 1 and 2), three Ig-like do-
mains (exons 3-5), as well as a UT region (exon 6). The first
five exons follow a phase 1 splicing pattern and in combination
with the split leader peptide; the IpFcRI gene shares features
characteristic of other FcR family members (5, 20). Although
IpFcR lacks TM/CYT, it may have significant functional roles
in teleosts as a sFcR. Soluble FcR in mammals inhibit the bind-
ing of immune complexes to FcyR-positive cells, down-regu-
late B cell proliferation and Ab production, and trigger cellular
activation by binding complement receptors (19, 21, 24-26).
Both alternative splicing mechanisms and proteolytic cleavage
of the membrane FcR have been shown to produce sFcR. At
present, the functional significance of IpFcRI as a soluble pro-
tein is unknown; however, we have demonstrated that IpFcRI
can be secreted in vitro using its own leader peptide, and the
endogenous protein was detected in catfish serum/plasma with
a pAb. This evidence reinforces that IpFcRI does indeed exist in
vivo as a soluble protein. As in mammals, several N-linked
glycosylation sites are present throughout the IpFcRI sequence.
Phylogenetic analyses and similarity searches revealed that in
addition to an unnamed pufferfish sequence (CAF97400), the
majority of IpFcRI-related proteins were mammalian FcR and
FCRL family members (e.g., mouse FcyRI, E value 4e-19; 26%
amino acid identity) as well as several XFL and the three
IpLITR-types. However, unlike the multigene and highly diver-
sified XFL and IpLITR gene families (59, 64), only a single gene
encodes IpFcRI.

IpFcRI is expressed primarily in catfish lymphoid tissues, with
much lower levels of expression found in nonhemopoietic tissues
such as heart, gill, liver, and muscle. Following separation into
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FIGURE 6. Secretion of IpFcRI and detection of the native protein in
vivo. A, IpFcRI ¢cDNA was cloned into the pIB/V5-His insect expression
vector and transiently transfected into Sf9 cells. After 72 h, supernatants
(30 wl) and cell lysates (30 ul; ~1 X 10° cells) were examined by Western
blot using the anti-V5 epitope mAb. B, Detection of native IpFcRI in vivo
using a pAb. Plasma samples from two fish (P1 and P2) were separated by
reducing SDS-PAGE, transferred to nitrocellulose membranes and then
incubated with an anti-IpFcRI pAb (1/3000 (v/v)). Detection of serum
IpFcRI was also performed with (+) and without (—) PNGase F treatment
before separation by SDS-PAGE.

IgM-positive and IgM-negative fractions, it was demonstrated that
within PBL, neutrophils appeared to predominantly express
IpFcRI. In addition, IgM negative lymphocytes from the anterior
and posterior kidney expressed more IpFcRI message than lym-
phocytes from the peripheral blood. Therefore, the differential ex-
pression of IpFcRI in vivo may be in part due to the regionality of
the leukocyte subpopulations and/or their activation state. In the
absence of available catfish lymphocyte-specific mAbs other than
anti-IgM, precise determination of the cells responsible for IpFcRI
cannot be accurately determined. However, our expression analy-
sis provides some insights into IpFcRI expression by leukocyte
subpopulations in vivo. Several catfish clonal cell lines were also
examined, and only the nonautonomous TS32.17 CTL cell line
expressed IpFcRI. Following nested PCR, IpFcRI message was
also detectable in 3B11 and 1G8 B cells, 42TA macrophages, and
a polyclonal MLC, suggesting that the expression levels in vitro
are significantly lower than those observed in vivo. At present the
factors responsible for regulating IpFcRI expression are unknown.
However, increased expression in hemopoietic tissues, freshly iso-
lated leukocyte subpopulations, and enriched PBL-derived neutro-
phils, suggest that this FcR homolog is widely expressed in vivo.

Coimmunoprecipitation experiments indicated that rIpFcRI pro-
duced in E. coli recognized native catfish IgM directly in the se-
rum. It also appears that N-linked glycosylation of IpFcRI is not
necessary for IgM binding although it is possible that glycosyla-
tion could influence affinity. In humans, prokaryotic derived sol-
uble rFcRIIb was generated and refolded using a similar procedure
described in this study (65). After refolding, the unglycosylated
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FIGURE 7. rlpFcRI binds catfish IgM. A, Immunoprecipitation of
rIpFcRI results in the coimmunoprecipitation of catfish IgM. Two and a
half-microliters of precleared CFS was incubated for 14 h at 4°C with 2 ug
of refolded rIpFcRI and 1 ug of anti-Xpress mAb or with 1 ug of isotype
control mAb (anti-V5) in the presence of 25 ul Sepharose G beads.
Washed Sepharose G beads were analyzed by SDS-PAGE and Western
blot for the presence of catfish IgM (left panel) and rIpFcRI (right panel).B,
Immunoprecipitation of catfish IgM results in the coimmunoprecipitation
of rIpFcRI. CFS was incubated with 2 ug of rIpFcRI, 25 ul of Sepahrose
G beads in the presence of 50 ul mAb 9E1 or 50 ul mAb 1.14 for 14 h at
4°C. Washed Sepharose G beads were analyzed by SDS-PAGE and West-
ern blot for the presence of catfish IgM (left panel) and rIpFcRI (right
panel).

rFcRIIb bound to immobilized Ig as well as Ig in solution. Fur-
thermore, mutant mammalian FcR devoid of N-linked glycosyla-
tion sites exhibited increased binding to monomeric IgG, com-
pared with the wild-type glycosylated receptors (66). How
N-linked glycosylation effects IpFcRI binding properties is pres-
ently unknown, but it appears not to be a requirement for the bind-
ing observed in this study. IgM binding by IpFcRI also was con-
firmed using a eukaryotic pDisplay system where transfected HeLa
cells expressing surface targeted IpFcRI were shown to bind cat-
fish IgM by FACS analysis. A similar experimental approach using
the pDisplay vector has been used to determine whether selected
mammalian FCRL (i.e., FREB/FcRX) bind Ig (58). Although
FREB/FcRX is similar to IpFcRI in that it does not contain a TM
and is related to FcR, it also is quite different. This member of the
FCRL lacks any identifiable Fc fragment binding residues, as well
as the corresponding D1 Ig-like domain present in the classical
FcR sequences and IpFcRI. Because FREB/FcRX does not bind
Ig, this further reinforces the notion of the evolutionary importance
of the FcR D1D2 Ig domains required for Ab binding.

Amino acid alignments, PDB searches, and protein modeling
demonstrated a high degree of structural conservation between
IpFcRI and mammalian FcRs, in particular, the D1 and D2 align-
ments. Eight of the predicted B-strand in the D1 of human FcR are
present in similar positions in the corresponding regions of the
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FIGURE 8. Cell surface IpFcRI binds catfish IgM. A,
Surface expression and increased 9EIl staining of
IpFcRI-pDisplay transfected HeLa cells. Mock cells
were treated with all transfection reagents without plas- !
mid DNA and cell surface expression by HeLa-IpFcRI
was confirmed by flow cytometry using Anti c-myc
FITC mAb (upper panel) and by immunoprecipitation
using anti-HA mAb followed by Western blotting with
anti-HA mAb (lower panel). B, Forty eight hours after
transfections, both IpFcRI-transfected and mock-trans-
fected HeLa cells were incubated with DMEM supple-

“ B0 60 To 80

1w 20 0

S8CH

0 200 400 800 0P 1000

&
]

9E1

B8CH
0 300 40 800 W50 1000

B

—— 1%CFS —— —— 25pug/mligM ——

mented with either 25 pg/ml catfish IgM or 1% CFS for §
20 h at 37°C. Surface bound catfish IgM was then de- g
tected by staining with the anti-catfish [gM mAb (9E1) §§ . 114
and the secondary anti-mouse Ig-biotin conjugated fol- :gig : 3 .
lowed by streptavidin-PE (right panel). Percentage of HA mAb Hehaln —| r | 48. 8 o
gated cells (FL2) stained with 9E1 and with 1.14 (iso- IpFcRI—p y !
type control) are indicated in the top right corner of the 374 g
individual histograms. §
HA mAb Lchain —| eammemm [ 2>-¢ i: 9E1
- 19.4 i

catfish sequence and amino acid identity/similarity among the pre-
dicted B-strand was observed. An additional B-strand was pre-
dicted in the IpFcRI D1 sequence between the F-G loops of human
FcR. Likewise, a similar degree of conservation of $3-strand posi-
tions and amino acid identity/similarity was observed in the D2
with the exception that the C' B-strand was not in the IpFcRI
sequence. The contention that IpFcRI D1 and D2 were structurally
conserved with the corresponding Ig domains of mammalian Ig-
binding receptors was further supported by the PDB and SwissProt
database searches. The most significant PDB matches were FcR
with human FceRI being identified as the top scoring structural
IpFcRI relative with an E value of 8e-11. Comparatively, the
SwissProt database identified mouse and human FcyRI, FcyRII,
FcyRIII, and FceRI, with E values ranging from 4e-7 to le-19.
Based on this information, an IpFcRI protein model was generated
that revealed a folding pattern and overall tertiary structure similar
to that of mammalian FcR (61-63). In mammalian FcR, the Ig
binding residues are primarily located in the D2 loop regions (62,
63). Specifically, the contact residues are scattered throughout D2
in areas that consist of the B-C, C'-E, F-G loops, and the Cf3 strand
of the D2 domain. Five of the 15-aa residues known to make con-
tact with the Fc portion of Ig in mammalian FcRs are either iden-
tical or conserved within IpFcRI D2. The conservation of all the Fc
contact residues is unlikely due to the recognizable variability be-
tween mammalian and teleost Ig at both the amino acid and struc-
tural levels. However, the structural conservation of the D1D2 Ig-
binding domains between mammalian FcRs and the novel IpFcRI
does suggest an evolutionary importance of the D1D2 unit for
Ig-binding among the vertebrates.

Located among the classical FcR on human chromosome
1g21-23 is a family of FcR relatives recently identified by using a
consensus FcyR Fc-binding sequence motif to screen the databases
(60). These receptors, known as the Fc-related proteins (FCRL),
also have been identified in mice (chromosome 3; 67) and, al-
though little is known about their functional roles and specific
ligands, their identification has provided insights into the evolution
of FcR-like receptors (68). FCRL genes appear to be members of

a phylogenetically conserved immune receptor family. Evidence
for this notion comes from the recent identification of novel IgSF
receptors in ectothermic vertebrates. Of note is the discovery of the
Xenopus leukocyte FcR-like proteins (XFL; Ref. 64) and the leu-
kocyte immune-type receptors in channel catfish (IpLITR; Ref.
59). These amphibian and teleost molecules represent large and
highly diversified families of putative immunoregulatory receptors
that are composed of Ig domains related to those of the mammalian
FCRL and FcR. Discovery of FCRL, XFL, and IpLITR in com-
bination with detailed phylogenetic analysis of Ig domains en-
coded by receptors within the mammalian and avian LRC (69)
represents the first molecular evidence that FcR-like receptors are
present in amphibians and fish. However, the chicken (Gallus gal-
lus) is the only nonmammalian species where bona fide Ig-binding
FcR homologs have been described (70).

In summary, IpFcRI appears to be a bona fide teleost FcR ca-
pable of binding Ig. It is structurally conserved with members of
the classical FcRs, and maintains the D1D2 unit and Fc-binding
sites required for Ab recognition. Moreover, preliminary func-
tional analysis suggests that IpFcRI binds to catfish Ig as a soluble
protein in the serum, or as a receptor when expressed on the cell
surface. Although a membrane form of this receptor or other cat-
fish putative Ig-binding molecules have yet to be identified, the
discovery of IpFcRI is the first report of an FcR homolog in ec-
tothermic vertebrates. Thus, it represents an important step toward
understanding the evolutionary history and functional significance
of Ig-binding proteins throughout vertebrates.
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